ABSTRACT Communication and networking with unmanned aerial vehicles (UAVs) has attracted increasing attention due to their boundless applications in photography, agriculture, surveillance, and numerous public services. Employing the UAV as a mobile relay is promising to boost the coverage and capacity of the network and shows many advantages over conventional communication networks. In this paper, we investigate joint 3-D location and transmit power optimization of the UAV to accommodate the relaying network with multiple mobile users. The objective is to maximize the sum rate of all the mobile users, subjects to the constraints on line-of-sight connectivity for communication links, information-causality constraint, as well as the strict data rate fairness requirement of all users. However, this challenging problem has non-convex objective function, complicated constraints, and strongly coupled variables. To address this problem, we first prove that the optimal solution to the original sum rate maximization problem can be obtained by equivalently solving a more tractable problem. Then, we develop an efficient algorithm by leveraging the alternating descent framework and successive convex approximation method. Next, we show that the proposed algorithm iteratively improves the objective function and is guaranteed to converge within a finite number of iterations. Furthermore, simulation results demonstrate the effectiveness of the proposed algorithm and reveal the impacts of various parameter configurations on the system performance.
I. INTRODUCTION
In recent years, the rapid development of mobile internet and Internet of Things (IoT) has brought stringent challenges to current wireless cellular systems, which are mainly due to the ever-increasing volume of wireless traffic as well as the dynamic and unbalanced distribution of mobile devices [1] , [2] . The emerging technologies of unmanned aerial vehicle (UAV) have been considered as an innovative method to complement for the existing cellular system, and the integration of them is promising to enable flexible, robust and low latency communication networks [3] - [5] . UAV-assisted communications have attractive advantages including low operation cost, flexible deployment and favorable channel characteristics. As a result, the usage of UAV has been broadening to various applications such as aerial base station (BS), mobile relays, cellular data offloading and information dissemination, to name a few [6] , [7] .
Compared to the deployment of conventional terrestrial infrastructures such as ground relays, the mobile relaying systems provide effective ways to prolong the wireless communication range and offer better signal quality [8] . On one hand, the UAV relay can move freely in the three-dimensional (3D) space to adapt to the network mobility and enhance the system performance via dynamically optimizing the location. On the other hand, the air-ground communications could bypass the obstacles on the ground, and are more likely to have line-ofsight (LoS) links, thus the better channel gain enables higher link capacity and lower power consumption [9] , [10] .
Despite the manifold benefits, currently employing UAVs as the mobile relays is still in its infancy and has many open issues, such as resource management, energy-efficient and reliable communication maintenance, communication delay reduction, robust routing protocol design, etc [11] , [12] . The work in [13] aims to optimize the energy efficiency of the relaying system, and proposes the UAV to maneuver with a circular trajectory. The work in [14] has investigated both the spectrum efficiency and energy efficiency optimization, and revealed their tradeoff for a UAV-based end-to-end relaying. In [15] , the outage probability performance of the relay network is optimized by adjusting the trajectory and transmit power of the UAV. In [9] , an end-to-end system with a mobile relay is studied, where the authors have proposed a framework to jointly optimize the source/relay transmission power and the UAV trajectory to maximize the system throughput. However, these works mainly focus on the endto-end relaying system, while multiple users relaying may bring more challenges in practice, such as resource optimization for the consideration of multiple user on-demand data rate requirements. Furthermore, in these studies, the relay UAV is restricted to move over a fixed plane or along a rectilinear trajectory, thus more potential benefits still can be exploited by considering the 3D location planning for the UAV. In particular, the flexible movement of UAV is especially suitable for the multi-user networks with mobility, at which the coordinate of UAV could be adjusted to maintain favorable communication links. Moreover, better network performance could be achieved by combing power control, however, the joint design of UAV deployment and power control under this circumstance have not been well studied yet.
In this paper, we consider the UAV is used as a flying relay to assist the communication from the BS to multiple mobile users. The BS is possibly equipped with a centralized controller, which monitors the traffic of the mobile users and provides data services for them. When the reliable communications of direct links from the BS to mobile users are hardly maintained, the BS would send out the UAV to retrieve the communication links such that the data rate demand of users can be satisfied. We consider the delay intolerant scenario that the UAV is able to hover over a location and forward the information transmitted from the BS to target users. Usually, mobile users are in constant movement, thus the variation of channel condition could significantly affect two important design aspects, including the 3D location deployment and transmit power control of the UAV. Specifically, the major contributions of this paper are summarized as follows:
• We present a problem formulation for the joint optimization of UAV's coordinate and transmit power in the UAV-enabled relaying system. The aim of this problem is to maximize the sum rate of all mobile users, while the constraints take into account the LoS connectivity for communication links, the information-causality constraint and strict data rate fairness among all users. Notably, this problem is a highly non-convex optimization with complicated constraints and mutual coupled variables.
• We derive a more tractable form for the formulated challenging problem by decoupling the non-convex information-causality constraint and relaxing the strict fairness equality constraint. We prove that the the optimal solution to the original problem can be obtained by equivalently solving the derived problem.
• We develop an efficient algorithm for the sum rate maximization problem, and prove that the proposed algorithm has guaranteed convergence. Specifically, we handle the derived problem and decompose it into two subproblems. For the non-convex coordinate optimization sub-problem, we real hidden convex components in the non-convex functions, and approximate this problem by a series of simple second-order cone programming (SOCP). For the sub-problem of UAV's transmit power optimization, we transform the convex problem into more efficient form. Furthermore, we propose a joint optimization algorithm by tailoring the framework of alternating descent method, and solve the subproblems iteratively.
• We provide in-depth simulations under various parameter configurations. The results show the convergence behaviors of the proposed algorithm, which coincide with the theoretical proof as expected. Moreover, simulation results demonstrate the superior system performance of the proposed algorithm, and provide the insights about the impacts of different parameter configurations on the system performance. The rest of this paper is organized as follows. In the next section, we introduce the system model and state the problem formulation. The proposed algorithm design is illustrated in Section III. Simulation results are provided in Section IV, and the conclusions are drawn in Section V.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We consider a system model that a number of distant mobile users (MUs) expect to receive information from a BS. However, due to large signal attenuation, the direct links between the BS and MUs are too weak to provide reliable communications, which would occur when the MUs locate beyond the BS's coverage or severe blockage exists [9] . As shown in Fig. 1 , to assist the communication from the BS to MUs, a UAV is employed to establish a two-hop wireless relaying transmission link. In this paper, we focus on the rotary-wing UAV, whose flexible deployment can support MUs with real-time applications, and enable sustained LoS communication links to the BS/MUs.
Consider in the 3D Cartesian coordinate system, the ground BS locates at (0,0,0), a set L = {1, 2, . . . , L} of L MUs distributed within a geographical area on the ground plane, and the UAV can dynamically move in the 3D space. The coordinates of MU i ∈ L and the UAV are, respectively, denoted by
To coordinate the UAV, the control center connects to the BS and give instructions via the BS transmitter, which is referred to as the control BS in Fig. 1 . The UAV periodically sends back information to the BS, thus the control center has the knowledge of UAV's state information and coordinate information of MUs. Generally, the MUs can be hand-held or vehiclemounted devices. To accommodate the network mobility, the control BS needs to dynamically determine the optimal coordinate and transmit power of the UAV.
For air-ground (AG) communications, the LoS probability of an AG link between a ground target (e.g., BS or MU) and the UAV depends on the environment, the location of the ground target and the UAV, and the elevation angle between them [16] . One typical modeling for the LoS probability between the UAV and MU i is expressed as [7] , [16] 
where the constants ψ and ζ depend on the environment type (such as rural, urban, or dense urban), and θ i,u is the elevation angle from the the view of MU i towards the UAV. Specifically,
, where
is the distance between the UAV and MU i.
From Eq. (1), we can infer that the LoS probability of the AG link increases as the elevation angle increases. To guarantee reliable connections, it is natural to establish the communication link between a ground target and the UAV which has the LoS probability greater than a threshold ε LoS (such as ε LoS is close to 1) [17] . Hence P LoS i,u ≥ ε LoS leads to
(1) and the definition of the elevation angle θ i,u , we have the following constraint for LoS connectivity
where the constant
For the LoS link, the channel power gain between the UAV and MU i can be expressed as the following free-space path loss model [9] 
where ρ 0 denotes the channel power at the reference distance d 0 = 1 m, whose value depends on the carrier frequency, antenna gain, etc. Similarly, the channel power gain between the UAV and the control BS is
where d u,bs = x 2 u + y 2 u + h 2 u is the distance between the UAV and the control BS.
The UAV adopts the decode-and-forward (DF) relaying method. After receiving the signal from the BS, it forwards the information to the MUs immediately. For the downlink communication from the UAV to MUs, the orthogonal frequency division multiple access manner is considered with the total bandwidth B total , and each MU is assigned with equal bandwidth B B total L . The UAV transmits signal to the MUs with power p = {p i,u , ∀i ∈ L}, and its maximum transmission power is denoted as P max UAV . For any MU i, the corresponding received signal-to-noise ratio (SNR) can be written as
where σ 2 0 = n 0 B is the noise power at MU's receiver, n 0 is the the noise power spectrum density, and γ 0 ρ 0 /σ 2 0 represents the reference SNR. The achieved data rate from the UAV to user i in bps/Hz is expressed as
Based on (6), we define the sum rate and the sum throughput of MUs as i∈L r i and i∈L Br i , respectively.
Similar to (6), the signal transmission rate from the control BS to the UAV is given by
where γ 1 ρ 0 n 0 W , and W is the bandwidth of the uplink channel from the control BS to the UAV. It is observed that C(q) is a function of the UAV's coordinate. The control BS transmits the uplink signal to the UAV with its maximum power P max BS . Note that in practical system we usually have P max BS ≥ P max UAV . According to [9] , only causal information is available, therefore the total network throughput of the relaying system must follow the information-causality constraint, i.e., i∈L Br i ≤ W C(q), which means that the sum throughput offered by the UAV to MUs could not exceed the sum throughput transmitted from the BS to the UAV.
Our objective is to maximize the sum rate of all MUs by jointly optimizing UAV's coordinate and transmit power. Specifically, our design takes into account the the LoS connectivity for communication links, the information causality for the relaying system and strict data rate fairness among all MUs. Through proper coordinate optimization of the VOLUME 6, 2018 relaying UAV, the signal quality at MUs is improved; with adaptive transmit power control for the UAV, the effective signal rate at MUs is managed to further enhance the system performance. Here, we present the problem of interest as follows max q,p i∈L
where constraint (8b) ensures the information causality for the relaying system. Both constraints (8c) and (8d) restrict LoS conditions for the two-hop links. Constraints (8e) and (8f) represent the valid transmit power of the UAV. Additionally, constraint (8g) specifies the data rate constraints of the MUs to guarantee strict fairness, that is, all MUs achieve the same data rate. Remark 1: Note that the above problem formulation can guarantee the quality-of-service (QoS) of received signal at each MU, because the maximization of system sum rate is the natural result of increasing the received signal SNR for all MUs. We can observe that problem (8) is highly nonconvex, which has a non-convex objective subject to nonconvex information-causality constraint in (8b), and a series of non-convex equality constraints in (8g). Moreover, UAV's coordinate impacts the channel gains of both the BS to UAV link and the UAV to MU link, hence the transmit power of the UAV to each MU is also affected. As a result, due to the nonconvex objective and constraint sets, as well as the mutual dependence of the optimization variables, it is challenging to solve problem (8) .
III. ALGORITHM DESIGN
In this section, we consider to develop an efficient algorithm to address problem (8) . However, it is impossible to directly apply standard methods to the original problem (8) due to the non-convex information-causality constraint (8b) and complicated strict fairness equality constraint (8g). Our main idea to solve problem (8) is depicted as follows: Firstly, we rewrite problem (8) as a more tractable form by dealing with the objective function and complicated constraints; Secondly, we decouple the optimization variables by decomposing the considered problem into two sub-problems, and we transform both sub-problems into efficient form by revealing the hidden convex components in the non-convex functions; Then, we leverage the framework of alternating descend to iteratively optimize the sub-problems. To proceed, we introduce the following lemma: 
(8c), (8d), (8e), (8f).
(9e) Proof: Firstly, we introduce auxiliary variables {R i } ∀i∈L to problem (8) , and decouple the constraint (8b) as
Next, we further introduce auxiliary variable θ = min i∈L {r i } to problem (8) , which corresponds to the lower bound of the received data rate by all MUs. Since the received data rate of all MUs are specified as the same, the objective function of problem (8) can be equivalently written as i∈L r i = Lθ. Then, we relax the strict data rate fairness equality constraint (8g) as follows
By integrating constraints (10a), (10b), (11) and omitting the constant in the objective function, we can transform the original problem (8) into the formulation of (9) . Note that at the optimal solution to problem (9), we must have that both constraints (9b) and (9d) are satisfied with equality. The reason is explained as follows: On one hand, for any i ∈ L in constraint (9b) which is satisfied with strict inequality, we can always reduce R i to make the equality constraint holds without decreasing the objective value of (9); On the other hand, we can always make constraint (9d) hold with equality by reducing the corresponding power p i,u without sacrificing the objective value of (9). Therefore, we can obtain the optimal solution to problem (8) by equivalently solving problem (9) .
Although problem (9) is still non-convex, later we will show that we can design efficient algorithm to deal with it. In the following, we consider two sub-problems for optimizing the UAV's coordinate and transmit power, respectively. Based on the results obtained, a novel alternating descent method is proposed to improve the iterative solutions.
A. COORDINATE OPTIMIZATION WITH FIXED UAV'S TRANSMIT POWER
In this subsection, we focus on the sub-problem that the UAV aims at finding the optimal coordinate to serve the MUs, while its transmit power p is assumed to be fixed. Note that this problem can apply to the practical scenario when UAV can only transmit with constant power. Specifically, given UAV's transmit power p, the corresponding sub-problem is formulated as
However, problem (12) is still a non-convex programming due to that both constraints (12b) and (12c) are non-convex sets. We try to solve (12) by applying the successive convex approximation (SCA) technique. The idea behind is to iteratively solve a sequence of convex programs which approximate the non-convex sets of original problem around current solutions by convex sets [9] , [18] .
We denote (x
as the channel rate for the BS-to-UAV link and UAV-to-user link, respectively. Let {δ (t) , ξ (t) , υ (t)
} be the coordinate incremental from the t-th iteration to the (t + 1)-th iteration, i.e. x Proof: Please see detailed proof in Appendix A. According to Lemma 2, constraints (12b) and (12c) can be approximated by the following convex constraints:
Furthermore, we observe that the inequalities (8d), (8e), (14a) and (14b) are all quadratic constraints, which can be expressed by the equivalent the second-order cone (SOC) constraints according to the transformations in Appendix B.
For any given UAV's coordinate (x
u ) at the t-th iteration, problem (12) can be transformed into the second-order cone programming (SOCP) formulation at the t-th iteration shown in (15) . (28), (29), (31), (32) . (15) Here we summarize the proposed algorithm to find UAV's optimal coordinate to problem (12) in Algorithm 1. Initialized from a feasible point {x
u }, we can iteratively solve problem (15) to generate a improved feasible sequence
u }, t = 1, 2, . . ., which is guaranteed to converge to a Karush-Kuhn-Tucker (KKT) point of (12) [19] , [20] .
Algorithm 1 UAV's Coordinate Optimization Algorithm
1: Define the maximum iteration number T 1,max . Initialize the algorithm with a feasible point {x
u }. Set the iteration number t = 0. 2: repeat 3: Find the optimal solution {δ (t * ) , ξ (t * ) , υ (t * )
} to problem (15) with the current feasible point {x
Update iteration number t ← t + 1. 6: until the objective value converges, or the maximum number of iteration is reached.
B. POWER OPTIMIZATION WITH FIXED UAV'S COORDINATE
In this subsection, we consider the sub-problem that the UAV determines the optimal transmit power to each MU with fixed coordinate. This problem is particularly relevant when the coordinate of UAV is predetermined. According to (9) , given the UAV's coordinate q, the power optimization problem can be written as
Notice that the optimization variables are convex to problem (16), which could be solved via CVX software, however the optimization procedure involves multiple iterations due
VOLUME 6, 2018 to the log(·) function in constraint (16c). Instead, we further transform (16) into a more efficient form by dealing with constraint (16c). To proceed, we introduce auxiliary variable {ω i } ∀i∈L such that the following constraints hold
with ω i ≥ 0. Constraint (17b) can be equivalently converted to the SOC constraint (34), where the details are presented in Appendix C. For constraint (17a), we approximate the righthand-side convex function by the first-order Taylor expansion at given point ω (t)
i , which provides a global lower bound, i.e.,
Then, problem (16) can be approximated by the SOCP formulation at the t-th as follows:
The proposed algorithm for solving problem (16) is summarized in Algorithm 2. In this algorithm, each time we only solve a simple SOCP problem, and we will eventually obtain the optimal solution to problem (16) [19] , [20] .
Algorithm 2 UAV's Transmit Power Optimization Algorithm 1:
Define the maximum iteration number T 2,max . Initialize the algorithm with a feasible point {ω Update iteration number t ← t + 1. 6: until the objective value converges, or the maximum number of iteration is reached.
C. JOINT OPTIMIZATION OF UAV'S COORDINATE AND TRANSMIT POWER
Based on the algorithms for the sub-problems designed in Section III-A and III-B, the proposed joint optimization of UAV's coordination and transmit power for sum-rate maximization is summarized in Algorithm 3. As depicted by the main Steps 2-6, the alternating optimization method requires to iteratively solve problem (12) and problem (16) until convergence. Since one instant of Algorithm 1 and Algorithm 2 (e.g., let T 1,max = T 2,max = 1) can already yield a better 
i,u } and k ← k + 1. 6: until the objective value converges.
point, we use them as an alternating decent to achieve a faster convergence speed.
To apply Algorithm 3, an initial feasible UAV's coordinate of problem (12) is required in Step 1, otherwise the proposed method may fail at the first iteration. The computation complexity of the proposed Algorithm 3 at each iteration is dominated by solving problem (15) 
in
Step 3 and problem (19) 
[18]. In Step 4, the complexity of solving problem (19) 
, because problem (19) involves n 3 3L + 1 variables, 2(L + 1) linear constraints, and L SOCs of dimension 3.
Define the objective value of (9) as (p, q), we adopt the following stopping criterion for Algorithm 3
For the convergence behavior of Algorithm 3, we have the following results, Proof: Define the objective value of (15) and (19) as coord (p, q) and power (p, q), respectively. Note that both the coordinate optimization problem (12) and power optimization problem (16) have the same objective function (p, q). For given p (k) and q (k) , the following relations hold: where (a) holds since (15) is the tight convex approximation of (12) at the given point q (k) ; (b) and (d) hold since problem (15) and problem (19) are solved optimally with solutions q (k+1) and p (k+1) , respectively; (c) holds since that the objective value of (15) is the lower bound of its original problem (12) at q (k+1) ; (e) holds due to that (19) is the lower bound of problem (16) at the given point p (k+1) . The inequalities in (21) indicate that the objective value of problem (9) is monotonically increasing through iterations. In addition, (p, q) is definitely bounded above, thus the sequence { (p (k) , q (k) )} k=0,1,... will converge to a solution of (9) after a finite number of iterations for a given tolerance accuracy 3 .
IV. SIMULATION RESULTS
In this section, simulation results are presented to validate the performance of the proposed algorithms.
A. BASIC SETUP
For simulations, the mobile users are randomly distributed within a 2D area of size 1000 × 1000 m 2 on the ground, where the center of this area and the control BS is separated with a distance d cen,bs . We consider the UAV-enabled relaying system in an urban environment with ψ = 11.95 and ζ = 0.14 at 2 GHz carrier frequency [10] . The noise power spectrum density is n 0 = −169 dBm/Hz and the channel power gain at the reference distance d 0 = 1 m is set as ρ 0 = −22 dBm [9] . For simplicity, we consider that the minimum SNR level for the QoS requirement of each MU is identical and given by λ min
In the following, we fix d cen,bs = 2000 m, B total = 10 MHz, L = 5, and P max UAV = 10 dBm as the basic settings, unless further specified. Other related parameters used to setup our simulations are listed in Table 1 . The SOCP formulations are solved by the sophisticated optimization toolbox CVX [21] , where the accuracy tolerance for the proposed algorithms is set as = 10 −4 . Need to mention that in the following we sometimes alternately use sum rate and sum throughput to demonstrate the performance of the algorithms. The results of both the sum rate and the sum throughput of MUs are obtained by addressing the sum-rate maximization problem in (8) .
B. CONVERGENCE EVALUATION
We start by examining the convergence behavior of the proposed algorithm, Fig. 2 shows the optimization results of Algorithms 3 under two representative parameter setups.
Specifically, to provide a feasible point for the initial step of the proposed algorithm, we can simply set the transmit power of UAV as p
. . , L, and for any given UAV's coordinate, we can let the flying height of UAV sufficiently large such that the LoS connection constraints are satisfied. It can be observed from Fig. 2(a) and Fig. 2(b) that the sum rate of MUs is monotonically increasing through iterations until convergence, which coincides with the theoretical conclusion in Section III-C.
We firstly consider a relatively small scale scenario when the MU number is set as L = 5, and the maximum transmit power of UAV is P max UAV = 10 dBm. The results in Fig. 2 (a) and Fig. 2(c) are obtained by running Algorithms 3 to solve problem (8) under the considered simulation settings. As seen form Fig. 2(a) , the sum rate of all MUs converges to 38.65 bps/Hz in about 10 iterations. In Fig. 2(c) , the signal rate of each MU is presented, where the initial signal rate means the received signal rate at each MU before implementing our proposed algorithm. Through optimization, we see that the received signal rate of each MU are greatly improved, and the signal rate of all MUs is turned out to reach the identical level, i.e., 7.73 bps/Hz, which indicates that the strict data rate fairness requirement is satisfied for all MUs. We also consider another case by setting L = 10 and P max UAV = 20 dBm, similar results can be seen from Fig. 2(b) and 2(d) . In this case, the algorithms need about 30 iterations to converge due to more variables are involved, the resultant sum rate of all MUs are given by 106.2 bps/Hz, and the received signal rate at each MU is maintained at 10.62 bps/Hz.
C. SYSTEM PERFORMANCE
The UAV-enabled relaying system are designed to adapt to the dynamic changes of the network of MUs. Without loss of generality, we consider the MUs network with slowly timevarying mobility. In order to have a clear viewpoint of how the UAV accommodates the mobility of the MUs network by adjusting its coordinate, here we only show the results of a particular example, whereas the obtained conclusions can be similarly applied to other cases. We simply let the center of MUs moves along a spiral line, the number and locations of the MUs are randomly generated for each update. We obtain the optimal coordinate of the UAV by applying Algorithm 3 according to the network change at each update. As a result, Fig. 3 presents the movement trajectory of the UAV, as the red spiral line drawn in the 3D coordinate system. The results of Fig. 3 also imply that as the MUs are moving away from the control BS, the UAV tends to fly to a higher altitude for the considerations of reliable LoS connections and optimal system performance.
To show the performance of the proposed designs, we compare Algorithm 3 with other two benchmark schemes:
• Scheme I -Direct link communications from the BS to MUs are considered, the channel gains are generated according to the ground channel model listed in Table 1 . The transmit power of the BS are optimized to maximize the sum rate of the MUs. • Scheme II -Inspired by [17] that the UAV is optimally deployed at the cluster center, we let the UAV move to the center of MUs and adjust its flying height to meet the required constraints, then the transmit power of UAV is optimized to maximize the sum rate of the MUs. In Fig. 4 , we plot the system performance of different methods at different update times. Specifically, we consider 5 MUs and other settings are the same as before. The center location of MUs is updated at each time by adding a Gaussian random variable with N (0, 50m) to the previous location, and the locations of MUs are randomly generated around the center. It can be seen that Scheme I has the worst performance and cannot provide reliable communications due to the low signal rate at MUs. Compared with Scheme I, both Scheme II and the proposed algorithm achieve much better performance. For Scheme II, the averaged sum rate of MUs through all updates are 26.8 bps/Hz. Moreover, the proposed algorithm could further enhance the averaged sum rate of all MUs up to 39.6 bps/Hz. The observations reveal that it is necessary and effective to establish the communication links from the BS to MUs by applying the relay UAV. Fig. 5 demonstrates the impacts of different parameters on the system performance by Scheme I, Scheme II and the proposed algorithm. From Fig. 5(a) , we see that the sum rate of MUs obtained by all methods is decreasing with the increase of the distance between the control BS and the center of MUs. Intuitively, signal experiences more attenuation when the communication distance increases. In addition, for the UAV relaying system, a longer distance means that the UAV needs to move to a higher altitude to maintain the LoS links, consequently the system performance declines. Fig. 5(a) also implies the best signal rate that the MUs can achieve under different methods as d cen,bs varies. Considering the QoS requirement, the received SNR at each MU should not be less than λ req , then the minimum required signal rate is log 2 (1 + λ req ) ≈ 3.46 bps/Hz. Since all MUs have the same signal rate, we can infer from Fig. 5(a) that the signal rate of MUs for Scheme I has no ways to meet this requirement in the long distance communication, Scheme II could not satisfy the QoS requirement when d cen,bs > 6.5 km, while the proposed methods can support much further distance for d cen,bs .
In Fig. 5(b) , it can be seen that the system sum rate of MUs by the proposed algorithm and Scheme II increases linearly with the proportion of MUs' number, whereas the data rate at all MUs almost keeps unchanged. That can be easily understood, when L increases, the downlink channel will be split into more sub-channels for MUs. On one hand, lower transmit power is allocated to each MU; On the other hand, the noise power at each MU is getting weaker due to the decreasing bandwidth. Consequently, the increasing number of MUs almost has no effect on the signal rate at each MU, and the sum rate of MUs increases proportionally with the number of MUs. Based on this, we can infer that the sum throughput of MUs
r i also remains unchanged.
Next, we investigate the impact of different bandwidth of the UAV to MU links on the system performance. According to Eq. (5) and Eq. (6), the noise power at MUs gets stronger with the increase of B, hence the signal rate at MUs would reduce inevitably. However, we notice that B directly affects the sum throughput (i.e., i∈L Br i ) of MUs. The increase of B total may promote the sum throughput, but in the meantime the sum throughput of MUs subjects to the informationcausality constraint. To show the impacts of B total on the sum throughput performance of MUs, we plot the obtained results in Fig. 5(c) . When B total < 16 MHz, the system sum throughput performance by the proposed algorithm and Scheme II keeps increasing, which implies that the constraint of information-causality is inactive, i.e. i∈L Br i < W C(q).
As B total increases, due to the bottleneck of the BS to UAV link, both the proposed algorithm and Scheme II reach the maximum level for the sum throughput, which are respectively given by 106.27 bps and 88.68 bps. Under this circumstance, the constraint of information-causality holds with equality, i.e., i∈L Br i = W C(q), and no more improvement can be made for the system sum throughput performance by increasing B total .
In Fig. 5(d) , the influence of different maximum transmit power of UAV is illustrated. For the proposed algorithm and Scheme II, the sum rate performance of MUs increases in proportion to the maximum transmit power of UAV before reaching the maximum level. As seen in the figure, Scheme II achieves no more gains when P max UAV ≥ 18 dBm, the sum rate of MUs maintain at 44.34 bps/Hz. When P max UAV ≥ 19 dBm, the performance of the proposed methods increases slightly, the sum rate of MUs is given by 53.11 bps/Hz with P max UAV = 20 dBm. The observations show that increasing the maximum transmit power of UAV might not always offer help for the system performance, that is because the BS to UAV link determines the best performance we can achieve.
V. CONCLUSIONS
In this paper, we have investigated the optimal threedimensional deployment and transmit power control of the UAV to accommodate the relaying network with multiple mobile users. Specifically, we maximized the sum rate of all mobile users, while ensuring the LoS connectivity for communication links, the information-causality constraint for the relaying system and strict data rate fairness among all users. The formulated problem was difficult to solve due to the non-convex objective function, complicated constraints, and mutual coupled variables. To deal with this challenging problem, we firstly proved that the optimal solution to the original problem can be obtained by equivalently addressing a more tractable problem. Next, we have developed an efficient algorithm by leveraging the alternating descent framework and successive convex approximation method. The proposed algorithm iteratively improves the objective function and is guaranteed to converge within a finite number of iterations. Furthermore, we have presented simulation results to demonstrate the superiority of the proposed algorithm and reveal the impacts of different parameter configurations on the system performance.
APPENDIX A THE PROOF OF LEMMA 2
Proof: With the constants K 1 ≥ 0 and K 2 , it sees that the function f (z) log 2 1 + K 1 K 2 +z is convex with respect to z ≥ −K 2 [23] . By using the first-order Taylor approximation of the convex function at any z 0 , we have
is the derivative of f (z) at point z 0 . Let z 0 = 0, then the following inequality holds
, ∀z.
The channel rate R (t+1) u,bs can be expressed as 
APPENDIX B THE SOC CONSTRAINTS 1
Constraints (8d) and (8e) can be simply expressed as the following SOC form, respectively, i.e.,
Then, let us focus on (14a) and (14b 
Similarly, we can equivalently transform (14b) into the following SOC constraint: .
APPENDIX C THE SOC CONSTRAINTS 2
By simple transformation, constraint (17b) can be written as
Next by taking the square root of (33), we can see that (17b) is converted to the following SOC form:
